For countries with scarce fossil fuel resources and limited cropland, how would energy crops production increase energy security and affect land use and farmer's income? To address such questions, we develop an integrated assessment model to evaluate land use changes and economic impacts of energy crop policy in Taiwan. The model consists of several submodels linked together interactively, representing different components of the integrated agricultural-energy-environmental-economic system. Five major findings and policy implications can be drawn from our study: 1) There is lack of economic incentives for farmers to produce energy crops using set-aside croplands without government subsidies. The required subsidies for energy crops production will be 50% to 120% higher than the original subsidies for set-aside croplands. 2) There is very little economic incentive for farmers to switch to energy crop production from existing crop production even with government subsidies. Therefore, the impacts on the supply and demand of existing agricultural crops are very minor. 3) Among four soil grades, more than half of the total energy crop output comes from Grade II soil, which is mostly located in the West Tainan County. This implies that energy crop mills and refining plants should be located in the West Tainan County to minimize the transportation costs. 4) The results from general equilibrium modeling show that the Miscellaneous Crops sector will incur the largest increase in output due to energy crop production. In the case of sunflower production, the ratio of total output increase to total government subsidies is about 1.12, which is the only energy crop with benefit-cost ration greater than 1.0. This implies that sunflower is the most economical feasible choice among three energy crops. 5) In the case of sunflower production, the total employment and average monthly wage rates in the Agricultural Sector will increase by 6.7% and 71.7%, respectively. This indicates that sunflower production will have significant positive economic impacts on the employment and income of farmers in Tainan County.
Introduction
During the past few decades, there has been increasing attention given to the issue of global climate change and its consequences for natural systems and human society. Several options could be used to reduce greenhouse gas (GHG) emission to mitigate its impacts on global climate. For example, increasing biomass energy production, changing agricultural land use, carbon sequestration by forests, and other economic policy instruments, including carbon tax and carbon permit trading, all have potentials to reduce the atmospheric concentration of GHG [1] [2] [3] . In addition to reducing overall fossil fuel demand and improving energy use efficiency, all policy instruments provide incentives to shift energy consumption from high-carbon fuels to low or non-carbon fuels in the short run and mitigate the impacts of global climate change on natural systems and human society in the long run.
Sustained high crude oil prices since the early 21 century has once again become a major concern to the world, especially countries with scarce energy resources.
Since crude oil imports will continue to remain a dominant part of energy supply in Taiwan, the need for a robust domestic renewable energy industry to increase energy security has never been greater. For countries with scarce fossil fuel resources and limited cropland, how would energy crops production increase energy security and affect land use and farmer's income? To address such questions, we develop an integrated assessment model to simulate the land use changes and economic impacts of energy crop policy in Taiwan. The model consists of several submodels linked together interactively, representing different components of the integrated agricultural-energy-environmental-economic (IAEEE) system.
Most of the integrated economy-climate studies are aggregated models which specify economic behavior from a top-down perspective. There are many top-down models for individual countries or regions that have detail production technologies for the agriculture sector and that are able to investigate the impacts of shifting agricultural production on the whole economy [4] [5] [6] . However, what lacks is a detail description of land use types, land productivity and rent, agricultural products, and energy sectors and specific technologies from a bottom-up perspective to fully investigate the dynamic interactions between land use change, agriculture production, energy demand, and GHG emissions in the economy [7] [8] . Therefore, our approach is to make the IAEEE assessment model a full integration of a computable general equilibrium model of the economy with detail agriculture production, energy The empirical results show five major findings: First, there will be lack of economic incentives for farmers to produce energy crops using set-aside croplands without government subsidies. The required subsidies for energy crops production will be 50% to 120% higher than the original subsidies for set-aside croplands. Second, there is very little economic incentive for farmers to switch to energy crop production from existing crop production even with government subsidies. Therefore, the impacts on the supply and demand of existing agricultural crops are very minor. Third, based on the geographic distribution of cropland land and soil grades, West Tainan County accounts for more than two-third of total energy crop output in Tainan County. This implies that energy crop mills and refining plants should be located in the West Tainan County to minimize the transportation costs.
Fourth, the results from general equilibrium modeling show that the Miscellaneous Crops sector, which includes energy crops, will incur the largest increase in output due to energy crop production. It accounts for more than 50% of total output increase (51.6 million NT$) in Tainan County. In the case of sunflower production, the ratio of total output increase to total government subsidies is about 1.12 (=51.6/46.0), which is the only energy crop with benefit-cost ration greater than 1.0. This implies that sunflower will be the most economic feasible choice among three energy crops. Finally, in the case of sunflower production, the total employment and average monthly wage rates in the Agricultural Sector will increase by 6.7% and 71.7%, respectively. This indicates that sunflower production will have significant positive economic impacts on the employment and income of farmers in Tainan County.
The remainder of this paper is organized as follows: the next section includes a brief discussion of previous literature in this field of research. Section 3 describes the theoretical model and integrating modeling approach. Section 4
shows the empirical results for three different energy crop production simulations. The final section provides policy implications for energy crop production in Taiwan.
Literature Review
Recent rapid growing demand in Europe and North America for biofuels from energy crops is one of the responses to stringent environmental policies to reduce GHG emissions and sustained high oil prices. Biofuels production from energy crops not only can lessen the negative impacts of global climate change and soaring crude oil prices on the economy, but also can increase energy security, improve farmland use efficiency, and increase farmer income [9] [10] [11] [12] [13] . However, with limited available cropland supply, large-scale energy crops production might increase pressure on the current productive cropland and might induce a substantial increase of agriculture product prices [14] [15]
[16]. One of the possible solutions is to plant energy crops using currently [10] , the potential biofuels supply from energy crops produced on unused arable land is about 0.24 EJ/year in Japan, which accounts about 1.0% of the total primary energy supply.
Most of the global studies are aggregated models which specify economic behavior from a top-down perspective. There are many top-down models for individual countries that have detailed production technologies for the energy sector and that are able to investigate the impacts of shifting energy production [18] [19] [20] . However, what lacks is a detailed description of land use classes, agricultural products, and energy sectors and specific technologies from a bottom-up perspective to fully investigate the dynamic interactions between land use change, agriculture production, energy supply, and GHG emission mitigation in the economy.
Theory and Approach

Theoretical Model
The work of the Intergovernmental Panel on Climate Change (IPCC) has, over the past few decades, encouraged use of integrated assessment processes and models to understand socio-economic and environment aspects of bioenergy systems. Many of the models focus on one kind of process or sector-such as models relating agricultural productivity, energy production technology, or water resources to energy crop production [13] [17]. Our approach differs from previous integrated models by focusing on interactive relationship between agricultural production, energy supply, environmental impacts, and economic growth. The basic model goal is to investigate the potential impacts of energy crop production in Taiwan with a high degree of geographic resolution of land use classes.
To estimate the potential impacts of energy crop production in Taiwan, our model consists of two interrelated systems: human-socioeconomic system and human-environmental system ( Figure 1 ). The human-socioeconomic system is used to simulate socioeconomic activities and population growth in the study region and to compute GHG emissions. The major submodel included in the 
Scope and Data Source
The Taiwan agricultural sector model consists of 60 traditional crops, 5 floral crops, 7 livestock species, 3 types of forests (conifers, hardwoods, and bamboo) and 27 secondary commodities. agricultural product value. Sub-regional production activities are specified in the model for each commodity. Crop and livestock mixes activities and constraints are also specified at the sub-regional level, while the input markets for four different land classes and farm labor are specified at the regional level.
Our 
Simulation Scenario
Taiwan imported about 98% of total primary energy use in 2004. Therefore, if the set-aside cropland could be utilized to plant energy crops, the amount of energy imports could be reduced eventually. In 2004, total agricultural cropland was 0.83 million hectares, with 0.28 million hectares of set-aside cropland.
Set-aside area has increased substantially mainly due to falling prices and incomes caused by Taiwan's entry into the WTO and the consequent importation of low priced rice and other agricultural commodities. Since crude oil imports will continue to remain a dominant part of energy supply in Taiwan, utilizing set-aside cropland to plant energy crops is considered as one of the major policy instruments to increase energy security and reduce GHG emissions. Therefore, our simulation scenarios are based on existing agricultural energy crop policy and biofuels energy policy as well as potential policy changes in the future.
Empirical Results
Based on a small-scale pilot experiment of energy crop production, three different kinds of energy crops, including soybean, oilseed rape, and sunflower, were chosen to simulate the land use changes and economic impacts of energy crop production for the entire Tainan County. According to the results of the small-scale pilot experiment, Table 1 shows that the gross profits of soybean, oilseed rape, and sunflower production are −46.2, −54.8, and −22.3 thousand NT$ per hectare (ha), respectively. With the government subsidy, the net profits of these three energy crops increase to 13.8, 5.2, and 37.7 thousand NT$ per hectare, respectively. This indicates that there will be lack of economic incentives for the farmers to planting energy crops even with extra production inputs subsidies (15 thousand NT$ per hectare) compared with initial set-aside cropland subsidies (45 thousand NT$ per hectare). Table 2 shows the average yields and biodiesel output of energy crops based located at the southwest of Tainan County, accounts for more than one quarter of total crop yields and biodiesel output. In the case of sunflower (see Table 4 ), more than 90% of total crop yields are from Grade II and III soil, which are located mostly in the West of Tainan County.
The extra government subsidies needed to make farmers willing to plant energy crops in addition to current set-aside cropland subsidies are shown in Table 5 . Among three energy crops, sunflower requires the lowest additional subsidies of 15.2 million NT$, which is about 50% of initial set-aside cropland subsidies (30.8 million NT$). As for the other two energy crops, the required additional subsidies are more than the initial set-aside cropland subsidies. This implies that it will be economically infeasible to produce biodiesel from soybean, oilseed rape, and sunflower without considering the general equilibrium economic impacts of energy crop production on the economy of Tainan County. Table 6 represents the general economic impacts of energy crop production on the economy of Taiwan County by sector. Among three energy crops, sunflower has the largest total output increases of 51.6 million NT$. In terms of sectoral output increase, the Miscellaneous Crops sector will incur a significant increase in output (15.7 million NT$) due to energy crop production. In the case of sunflower production, the ratio of total output increase to total government subsidies is about 1.12 (=51.6/46.0), which is the only energy crop with benefit-cost ration greater than 1.0. This implies that sunflower production will be the most economic feasible choice among three energy crops when we take general economic impacts into account.
The general equilibrium economic impacts of energy crop production on the agriculture related sectors are summarized in Table 7 . In the case of sunflower production, the total employment and average monthly wage rates in the Agricultural Sector will increase by 6.7% and 71.7%, respectively. This indicates that sunflower production will have significant positive economic impacts on the employment and income of farmers in Tainan County.
Concluding Remarks
In this study, we develop an integrated assessment model to simulate the land use changes and economic impacts of energy crop policy in Taiwan. Our main findings can be summarized as follows: 1) There is lack of economic incentives for farmers to produce energy crops using set-aside croplands without government subsidies. The required subsidies for energy crops production will be 50% to 120% higher than the original subsidies for set-aside croplands. Among three energy crops, sunflower has the lowest production costs and highest potential biodiesel output. 2) There is very little economic incentive for farmers to switch to energy crop production from existing crop production even with government subsidies. Therefore, the impacts on the supply and demand of existing agricultural crops are very minor. 3) Based on the geographic distribution of cropland land and soil grades, West Tainan County accounts for more than two-third of total energy crop output in Tainan County. Among four soil grades, more than half of the total energy crop output comes from Grade II soil, which is mostly located in the West Tainan County. This implies that energy crop mills and refining plants should be located in the West Tainan County to minimize the transportation costs. 4) The results from general equilibrium modeling show that the Miscellaneous Crops sector will incur the largest increase in output due to energy crop production. It accounts for more than 50% of total output increase in Tainan County. In the case of sunflower production, the ratio of total output increase to total government subsidies is about 1.12, which is the only energy crop with benefit-cost ration greater than 1.0. This implies that sunflower is the most economical feasible choice among three energy crops. 5) In the case of sunflower production, the total employment and average monthly wage rates in the Agricultural Sector will increase by 6.7% and 71.7%, respectively. This indicates that sunflower production will have significant positive economic impacts on the employment and income of farmers in Tainan County.
Based on our modeling approach and simulation results, the policy implications are expected to be multifaceted, including 1) provide a tool for developing agriculture land-use outlook for the decision-maker; 2) estimate trends in CO 2 emission reduction and changes in land use and productivity; 3) assess the impacts of energy crop production and afforestation plantation on various economic sectors, especially on agriculture and farmer income.
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